This paper proposes a novel current control scheme for vector-controlled induction machine (IM) drives in the overmodulation (OVM) range, with which the voltage utilization of the voltage-source inverter (VSI) can be maximized. In the OVM region, the original voltage reference is modified by changing its magnitude and angle, which causes the motor current to be distorted, resulting in a deterioration of the current control performance. To meet with this situation, the harmonic components in the feedback currents should be eliminated before being input to the PI current controllers. For this, a composite observer is applied to extract the fundamental and harmonic components from the distorted currents, which gives a good performance without a delay and the effect of a fundamental frequency variation. In addition, through a detailed analysis of the response of the PI current controllers in the OVM range, the effectiveness of using the composite observer is demonstrated. Simulation and experimental results for a 3-kW induction motor drive are shown to verify the validity of the proposed method.
I. INTRODUCTION
A voltage-source inverter with a front-end diode rectifier shown in Fig. 1 is commonly used in variable-speed machine drive applications due to its low cost and high efficiency. For these applications with a fixed DC-link voltage, OVM techniques have been paid considerable attention for PWM-VSI, in which it provides full voltage utilization of the inverters for SVPWM (space-vector pulse-width modulation) [1] - [3] .
In high-performance motor drive systems, fast torque control is an essential requirement. The vector control of AC machines is usually used for these applications, in which fast current control is necessary over a wide range of operations. The role of the current controllers is to generate the voltage reference for the inverter modulation, which makes the machine current follow the command. A proportional plus integral (PI) regulator is commonly used for the current control, which operates satisfactorily just for the DC quantities. The linear voltage range of a PWM-VSI is mainly considered. To utilize the input voltage of the inverter fully, the pulse-width modulator has to operate in the OVM range. For achieving this condition, the magnitude and phase of the reference voltage vector is modified [1] - [2] , which causes the motor currents to be distorted [4] . The influence of these harmonics on the PI-type linear current controller is still a critical issue.
To overcome these drawbacks, several previous methods have been introduced with the goal of reducing the impacts of the current harmonics on the PI current controller. To eliminate the harmonic components in the feedback current, a low-pass filters (LPF) can be employed. However, the bandwidth of the current controllers is reduced. In addition, a band-pass filters (BPF) can be used to extract the harmonic components of the currents. However, the BPF may not perform well when the operating frequency drifts from the resonance frequency since the cut-off frequency of the BPF is fixed.
Another method for compensating the harmonic components in the feedback current has been proposed, where the first-order model was used to estimate the harmonic components [4] . This algorithm offered good performance for the vector control in the OVM range up to the six-step mode. However, the machine parameters are needed to implement this algorithm. In addition, a method similar to [4] has been proposed for a sensorless vector controlled induction motor drive [5] , where the difference is that the estimation is made in a stationary coordinate. The performance of the current controllers has been improved with a composite observer as presented in [6] . However, the validity of the algorithm has not been verified by experimental results. Some other studies have been introduced for vector-controlled machine drives in the OVM range [7] - [9] , where the stator-flux-based SVPWM is applied. However, flux distortion and high torque pulsation of the machine appear. A method for control mode switching between vector control and constant V/f control in the OVM range has been introduced in [10] . However, during operation in the OVM range, the control scheme operates only in V/f mode.
The OVM strategies presented in [11] - [12] achieved better performance in the transient operation of machine drive applications. However, the problems in [11] - [13] , which deal with the compensation of the dynamic voltage component during the OVM operation, are different from the problems addressed in this paper. base ω Fig. 2 shows the speed-torque characteristics of an IM driven by a PWM inverter. However, the steady-state operation of the conventional vector control works well only when the machine speed is less than the base speed, .
Meanwhile, when applying the proposed strategy to vectorcontrolled induction machine drives, the rated machine torque can be kept when the machine speed is higher than the base speed.
A composite observer method is applied to estimate the DC-component and the multiples of 6 th -order harmonic component in the feedback currents of the PI current controllers. The online extraction using the composite observer offers good performance for the harmonics with a variation of the resonance frequency. The harmonic components in the feedback currents can be eliminated before being input to the PI current controllers. Therefore, the performance of the PI current controller can be improved.
The validity of the proposed method is verified by simulation and experimental results for a 3-kW induction motor drive.
II. OVERMODULATION STRATEGY FOR PWM INVERTERS
For the OVM schemes presented in [1] - [3] , the fundamental output voltage of the inverters can be generated so that it is exactly equal to that of the reference voltage by the contribution of the voltage increments around each corner of the hexagon. Therefore, the modified reference voltage is determined based on a full fundamental cycle of the inverter output voltage. For this reason, these OVM techniques are called static OVM strategies in this paper. On the other hand, for the OVM techniques in [11] - [12] , the reference voltage is modified based on every switching period, which are called dynamic OVM strategies.
A. Static OVM strategy
The modulation index of a PWM inverter is defined as the ratio of the peak value of the fundamental of the modulated The overmodulation range refers to the operation regions of the pulse-width modulator beyond the linear range which indicates the inscribed circle of the hexagon. According to the modulation index, the PWM range is divided into three regions as seen in Fig. 3 and described in detail in [1] .
Linear modulation (0 ≤ MI ≤ 0.906): the space-vector modulator produces sinusoidal output voltages.
OVM mode I (0.906 < MI ≤ 0.952): a modified voltage vector reference is derived from the reference voltage vector by changing its magnitude, whereas the phase angle is kept at its original value.
OVM mode II (0.952 < MI ≤ 1): an actual voltage reference vector is kept at a vertex of the hexagon for a particular time and a change in the phase angle of the modified reference vector is required. T
B. Dynamic OVM strategies
he modified voltage vector references for the two modes above have been described in detail in [1] , [10] .
The dynamic OVM strategies improve the performance of the current controllers in transient state. Fig. 4 shows conventional dynamic OVM strategies where the voltage references are modified to be placed on the sides of hexagon [11] - [12] . The phase angle of the reference voltage is maintained by selecting a modified reference voltage at point A. Point B in Fig. 4 shows that the magnitude error between the original reference voltage and the modified one is minimized. The current error with consideration of the current transition is minimized by keeping the phase angle of the output voltage of the current regulator. Hence the modified reference voltage is determined at an intersection of the hexagon, and the current regulator output indicates point C in Fig. 4 . However, these modified reference voltages are always less than that required of the PI current regulator, so the machine current control capability may be lost in steadystate operation.
III. PROBLEMS OF CURRENT CONTROLLERS IN THE OVM RANGE
In the OVM range, harmonic components of the output voltage exist, in which the even-order and triplen harmonic components are eliminated naturally in three-phase systems. Then, the machine currents are transformed into a DC quantity and multiples of the 6 th -order harmonic components. inverters applying the sampling time-based OVM strategies cannot be boosted high enough to achieve the operation area, as shown in Fig. 2 .
For the vector control method, the PI linear current controller is properly implemented for the machine current space vector in the synchronous reference frame since only the DC quantity exists. However, as described in section III, the presence of multiples of the 6 th -order harmonics in the feedback currents in OVM range operation significantly degrades the performance of the PI current controllers.
To improve the performance of the current controller in the OVM ranges, the multiples of the 6 th -order harmonics of the feedback currents in the synchronous reference frame need to be eliminated. To do this, a composite observer is applied to extract the DC and the multiples of the 6 th -order harmonic components of the feedback currents, where applications and the performance of the composite observer have been illustrated in [14] - [16] .
Under a rated load condition, the OVM occurs when the synchronous speed of the motor is higher than the base speed base ω , as can be seen in Fig. 2 
Hence, the maximum operating speed can be increased in the OVM operation as: 
This indicates that the operating speed can be increased up to 10.3% higher than that of the conventional current controller of vector-controlled induction machine drives. Fig. 6 shows a block diagram of a vector-controlled induction motor drive with a composite observer for harmonic current estimation. The composite observer provides a highly accurate extraction without a delay. In addition, its performance is not degraded when the machine current frequency deviates during variations of the machine speed. The measured currents are transformed to the dq-axis components in the synchronous reference frame. Then, the DC signals of the components extracted by the composite observer are fed to the controllers. For this observer, the fundamental frequency of the composite observer is set as 60 Hz The PI controller gains are lower than those of the linear range of the PWM operation to reduce the overshoot of the current controller response at the corner of the hexagon.
V. SIMULATION RESULTS
To verify the effectiveness of the proposed method, a PSIM simulation has been carried out for a 3-kW IM drive model under a full load condition. The machine parameters are listed in the Table I . The inverter input voltage provided by a front-end diode rectifier is 285V to generate the OVM operation conditions. A full load condition of 15.7 Nm is applied to the motor. From the parameters of the test system, the base speed of the motor is determined as 341.3 rad/s by (5) , which gives an equivalent mechanical speed of 1,524 rpm. The simulation conditions are listed as follows. The switching frequency of the inverter is 5 kHz, so the sampling time of the current controller is set to 100 s µ . In addition, the control bandwidth of the current controller is set to 500 Hz. For the discrete observer design, the nominal frequency is chosen as the rated frequency of the machine, 60 Hz. The sampling period is also 100 s µ . For a frequency deviation due to the variation of operating motor speed by ±10%, the observer performance is still good [15] - [16] . Fig. 7 shows the performance of the motor current estimation by the composite observer, in which the machine operates under the full load condition and at a speed of 1,610 rpm. Fig. 7(a) shows the actual and estimated currents in the synchronous reference frame, in which the estimated current is almost the same as the actual one. The estimated DC component of the machine current is shown in Fig. 7(b) Fig. 7(c) . The 18 th and 24 th Fig. 8 shows a comparison of the current control performances between the conventional method (without harmonic current elimination) and the proposed one under the full load condition, where the MI of the inverter is 0.987 and the machine speed is 1,590 rpm. The performance of the current controller with harmonic compensation is much better. The ripple components of the dq-axis currents are significantly reduced, as shown in Fig. 8(a) and (b) . This results in a reduction of the torque ripple in the machine when compared to that without harmonic compensation, as shown in Fig. 8(c) . harmonics are almost zero. Fig. 9 shows a comparison of the machine drive performance in the cases of the dynamic OVM and the static OVM for the current control. The waveforms of the stator voltages for the two methods are shown at the tops of Fig.  9(a) and (b) , respectively. It can be seen that the static OVM strategy can boost the output voltage up to the six-step waveform, whereas the inverter output voltage in the case of the dynamic OVM strategy is limited up to the MI of 0.943. Due to the limitation of the output voltage in the dynamic OVM strategy, the machine cannot be controlled at a speed higher than 1,605 rpm, as shown in the bottom of Fig. 9(a) . It can be seen from the bottom of Fig. 9(b) that the machine speed is controlled well up to 1,650 rpm by the proposed scheme. Fig. 10 shows the performance of the machine under the OVM range. The stator currents, shown in Fig. 10(b) , are distorted due to the presence of harmonic components of the stator voltage as shown in Fig. 10(a) . However, the machine operation can be kept stable. The performance of the dq-axis current controllers are shown in Fig. 10 (c) and (d), respectively. During this operation mode, the machine speed is still controlled well. Fig. 10(e) shows that the speed control error is less than 1%. Fig. 10(f) shows the machine torque, of which the distortion is about 12.5%. Fig. 11 shows the performance of the machine in the transient state, in which the machine speed reference is changed from 1,590 rpm to 1,660 rpm. Under this condition, the operation mode of the PWM inverter is changed from the OVM mode I to the six-step mode. The output inverter voltages are shown in Fig. 11 (a) . It is observed in Fig. 11(b) that the machine currents in OVM mode I are much less distorted than those of the six-step mode. The performance of the dq-axis machine currents are shown in Fig. 11(c) and (d) , respectively. It can be seen that the q-axis current is increased a lot at the instant of the speed reference change. It can be seen in Fig. 11 (e) that the machine speed follows its reference in 100 ms. The machine torque, as shown in Fig. 11(f) , is increased quickly to accelerate the machine speed to its command.
VI. EXPERIMENTAL RESULTS
A schematic diagram of the experimental setup is shown in Fig. 12 . The machine parameters are the same as those in the simulation. The inverter input voltage is provided by a front-end diode rectifier, in which a 3-phase AC source of 200V/60Hz is applied to the rectifier. The discrete observer and the digital controller are based on a digital signal processor (TMS320VC33). The composite observer is designed for a nominal frequency of 60 Hz. The sampling time of the controllers and the composite observer is 100 s µ . The switching frequency of the inverter is 5 kHz. A 2.68 kW permanent-magnet synchronous generator (PMSG) coupled with an IM for a load test is driven by a back-to-back converter.
The observer performance for the motor current estimation is shown in Fig. 13 for the full load operation. The estimated d-axis current is almost the same as the actual one, as shown in Fig. 13(a) The performance of the current controllers, between the conventional method (without harmonic current elimination) and the proposed one, are compared. Fig. 14(a) and (b) show the control performance of the two methods mentioned above, respectively. It can be seen from the top of Fig. 14(a) that the conventional PI controller produces a large ripple in the output, whereas it is much smaller for the proposed one, as shown in the top of Fig. 14(b) . The middle of Fig. 14(b) shows that the response of the proposed current controller is greatly improved. The machine current follows its reference, while the ripple of the machine current is high in the conventional controller, as shown in the middle of Fig. 14(a) . In addition, the bottoms of Fig. 14(a) and (b) show the machine torques for the conventional method and the proposed one, respectively. The ripple in the proposed algorithm is lower than that of the conventional one.
are shown in Fig. 13(b) and (c), respectively.
The performance of the machine under the OVM range of the PWM inverter is shown in Fig. 15 . Fig. 15(b) shows the stator currents, which are much distorted due to the harmonic components of the stator voltage, as shown in Fig. 15(a) . However, the machine operation can be kept stable. The machine current and speed are still controlled well as shown in Fig. 15(c) and (d) , respectively. Fig. 15(e) shows the machine torque, with a distortion is about 10%.
The transient-state operation of the machine is tested by changing the machine speed reference from 1,590 rpm to 1,660 rpm. For this condition, the operation mode of the PWM inverter is changed from OVM mode II to the six-step mode. Fig. 16(a) shows the response of the speed controller, in which the motor speed reaches its command after about 100 ms. For fast acceleration, the machine torque is increased, as shown in Fig. 16(c) , by increasing the q-axis stator current. Fig. 16(b) shows the current control performance in the transient state, where the actual current tracks its reference quickly. The estimation performance of the composite observer for the machine current is shown in Fig. 16(d) , where the estimated current follows the actual value well. The stator fluxes are shown in Fig. 16(e) , and are estimated from the reconstructed stator voltages and the measured stator currents [18] . It can be seen that the machine flux is still kept 
VII. CONCLUSIONS
In this paper, improvements in the current control performance of vector-controlled induction motor drives has been investigated in the OVM range, where a composite observer is applied which estimates the harmonic currents. With this method, the multiples of the 6 th ACKNOWLEDGEMENT -order harmonic components can be eliminated from the feedback current. Thus the performance of the PI current controller is kept good even though harmonic currents exist. In addition, the torque ripple of the machine becomes lower. Therefore, the machine speed ripple also becomes lower. PSIM simulation and experimental results have shown the validity of the proposed method. The proposed method is expected to be effective for the maximum utilization of the machine torque for an operating speed range that is 10.3% higher than the base speed.
